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CONVERSION FACTORS

Multiply By To obtain
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
square mile (mi?) 2.590 square kilomete (km?)
cubic foot per second (ft¥s)  0.02832 cubic meter per second (m3/s)
cubic foot per second (ft3/s) 0.646 millon gallons per day (Mgal/d)
GLOSSARY

Technical and tatistical terms are defined below with respect to applications described in this report.

ARC/INFO.--A Geographical Information System (GIS) used to develop com-
puter coverages that quantify selected basin characteristics used in regression
analyses.

Base flow.--Sustained low flow of a stream. In most places, base flow is ground-
water inflow to the stream channel.

Continuous-record gaging station.--A site on a stream used to systematically
record river stages for determining daily mean discharge.

Correlation.--A process by which the degree of association between two or more
variablesis defined.

Cubic feet per second (ft3/s).--A unit expressing volume per unit time. One cubic
foot per second is equivalent to the discharge of a stream whose channel is
one square foot in cross sectional areaand whose average velocity is one foot
per second.

Index station.--A long-term continuous-record gaging station that is used to evalu-
ate regiona flow conditions.

Low-flow characteristic.--A statistic that describes the annual minumum average
discharge for a selected consecutive-day period for a given recurrence inter-
val inyears. For example, a7-day, 10-year low-flow characteristic (Qy 1) of
18 ft3/s for asite indicates that the annual minimum average discharge for
7-consecutive daysis equal to or less than 18 ft/s once in 10 years on aver-
age; or, that there is a 10 percent chance in any year that the minimum aver-
age flow for a 7-consecutive-day period will be equal to or less than 18 ft3/s.
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Mean.--The arithmetic average of the sample.

Miscellaneous site.--A site other than a continuous- or partial-record station where
discharge measurements are made for special projects, or during droughts or
floods to provide improved areal coverage of hydrologic conditions.

N-day, T-year low flow (Qy 1).--A specific frequency characteristic associated
with a consecutive-day average period of N-days and arecurrence interval of
T years. Seelow-flow characteristic.

Partial-record station.--A site where limited streamflow data are collected system-
atically over aprescribed period of time for usein hydrologic analyses. Type
of sitesinclude low-flow partial-record stations, periodic measurement sta-
tions, and crest-stage partial -record stations. In thisreport, continuous-record
gaging stations that were operational for less than 10 years were considered
as partial-record stations.

Recurrence interval .--The average interval of time between occurrences of alow
flow less than or equal to a specified N-day low flow.

Regression.--A statistical technique for describing the relation between a response
variable and an explanatory variable.

Standard error.--A measure of the dispersion of astatistic. In this report standard
errors of low-flow frequency characteristics are given as a percentage, and
represent the average of positive and negative departures of estimates of low-
flow frequency characteristics from the mean value of the low-flow fre-
guency characteristics.

Synoptic-measurement run.--A data-collection effort in which streamflow mea-
surements are made to determine low-flow conditions as they exist simulta-
neously over abasin.
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Methods for Estimating Low-Flow Characteristics of
Ungaged Streams in Selected Areas, Northern Florida

By Roger P. Rumenik and J.W. Grubbs

ABSTRACT

Methods for estimating low-flow frequency characteristics at ungaged sites were developed for two areas
in northern Florida. In the Y ellow, Blackwater, Escambia, and Perdido River Basins study area (northwestern
Forida), regional regression equations were developed for estimating the 7- and 30-day, 2- and 10-year low-flow
characteristic (Qy 2, Q7.10, Q0,2 and Q3 10 ) by determining values of basin characteristics from digital Geo-
graphical Information System (GIS) coverages or hardcopy maps. A GIS, ARC-INFO, was used to quantify basin
characteristics that were used in regression equations. Sources of digital data used in this analysis are elevation
data, from adigital elevation model, stream length and location data from a digital hydrography coverage, and
watershed boundaries digitized from topographic maps.

The most accurate regression equations employed a basin characteristic that was based on a simple concep-
tual model of one-dimensional ground-water flow using Darcy’s law. Slightly less accurate equations were
obtained using drainage area as the only explanatory variable. The standard error of prediction for the Darcy and
drainage area equations Q , was 65 and 74 percent, respectivey; 10, 58 and 62 percent, respectively;

Q302,51 and, 54 percent, respectively; a@gollo, 44 and 51 percent, respectively.

In the Santa Fe River Basin study area (northeastern Florida), a flow-routing method was used to estimate
low-flow characteristics at ungaged sites from low streamflow analyses based on records at gaged sites. The use
of the flow-routing method is suggested for areas where regression analysis proves unsuccessful, where low-flow
characteristics have been defined at a significant number of sites, and where information about the basin charac-
teristics has been thoroughly researched.

Low-flow frequency characteristics determined at 40 sites and measurements made during five synoptic
runs in 1989-91 were used to develop a flow-routing method. Low-flow frequency characteristics and drainage
areas were used to define river profiles for major streams within the Santa Fe River Basin. These river profiles
serve as indicators of changes in a stream’s low-flow characteristics with respect to change in drainage area. Unit
low flows were also determined for each site where low-flow characteristics were determined. Areas of zero flow
were defined foQ; , andQy 1o conditions based on measurements made during synoptic runs and from low-flow
frequency analyses.

The flow-routing method uses the drainage areas to interpolate low-flow values between or near gaged sites
on the same stream. Low-flow values are transferred from a gaged site, either upstream or downstream, to the
ungaged site. A step-by-step process for flow routing must be made when tributary or other inflow enter a stream.
The strength of the flow-routing method is that the values at gaged sites reflect the overall basin characteristics in
the vicinity of the gaged sites. However, the accuracy of low-flow estimates may be less in areas of decreasing
and increasing flow if sufficient data are not available to assess changing hydraulic and hydrologic conditions.

Abstract 1



INTRODUCTION

A low-flow frequency characteristic is an estimate of the discharge, averaged over a given consecutive-day
period, which is not exceeded during agiven interval of time (recurrence interval), on the average. Low-flow fre-
quency characteristics are commonly used to eval uate waste-dilution potential and the water supply of streams, to
establish minimum flows for regulatory programs, and for engineering design purposes. For example, estimates
of the 7-day, 10-year low-flow frequency characteristic (Q7 ;o) are used in formulating water-quality-based efflu-
ent limits (WQBELYS) for waste discharges. Demands for low-flow information in many areas of Florida exceed
the capabilities of existing data collection resources. To meet these demands, methods for estimating low-flow
frequency characteristics at sites with little or no streamflow data (ungaged sites) are needed.

The most common means of quantifying low-flow information of streams is with statistical estimates of
the magnitude and frequency of occurrence. Methods using regression analysisto relate low-flow frequency char-
acteristics and selected basin characteristics could provide significant benefits for managers responsible for pro-
tecting surface-water quality and allocating surface-water supplies. Low-flow frequency characteristics with
different consecutive-day averaging periods and recurrence intervals provide quantitative information that can be
used in the management of avariety of additional water-quality and supply problems.

Background

Techniques for estimating low-flow frequency characteristics at ungaged sitesin Florida streams have been
addressed in two previous reports. Rabon (1971) used records through 1970 to develop regional low-flow rela-
tionsin aregression analysis of low flow and basin characteristics. Two regions were analyzed separately: the
Northwest Region, located west of and including part of Jefferson County; and the Peninsular Region, located
east of and including part of Jefferson County. Equations were developed for 7-day low flows that have recur-
renceintervalsof 2, 10, and 20 years. Standard errors of estimate for those equations are 83, 114, and 135 percent
for the Northwest Region and 113, 419, and 562 percent for the Peninsular Region. Rabon concluded that low-
flow characteristics at ungaged sites within most of the river basinsin Florida could not be adequately estimated
from his regional equations. However, he encouraged the collection of additional base-flow measurements as
well as data on stream environment, particularly on basin characteristicsthat control low flows. These datawould
be used for advanced research for devel oping anaytical methods that could provide more accurate estimates of
low-flow characteristics.

Hammett (1985) presented low-flow frequency characteristics for 116 continuous-record and 108 partial-
record and miscellaneous discharge-measurement stations for streamsin west-central Florida. For streams unaf-
fected by regulation or diversion, Hammett attempted to relate low-flow frequency characteristics to basin char-
acteristics using multiple linear-regression analysis. Results from the analyses were considered unacceptable due
to large standard errors of estimate (85 to more than 250 percent) and, more significantly, an apparent biasin the
regression equations that resulted from compensating for zero flows.

In 1987, the U.S. Geological Survey (USGS) in cooperation with the Florida Department of Environmental
Regulation (now the Florida Department of Environmental Protection), began a study to determine low-flow
characteristics at all streamflow gaging stations and miscellaneous measurement sites within Florida where suffi-
cient data were available. Rumenik and Grubbs (1996) presented low-flow characteristics for 211 continuous-
record gaging stations and 242 partial-record stations and miscellaneous sites.

2 Methods for Estimating Low-Flow Characteristics of Ungaged Streams in Selected Areas, Northern Florida



New techniquesfor analyzing low flow and additional years record have provided an opportunity to obtain
more accurate estimates of low-flow characteristics than estimates presented in previous studies. Thisreport pre-
sents methods for estimating 7- and 30-day low-flow statistics for ungaged sites in two areas in northern Florida
based on the low-flow characteristics determined by Rumenik and Grubbs (1996).

Under an agreement with the Florida Department of Environmental Protection, the U.S. Geological Sur-
vey has established a computerized data base for base-flow measurements collected in Florida streams. Statistical
programs that use this data base were applied to determine low-flow frequency estimates for partial-record sta-
tions throughout Florida (Rumenik and Grubbs, 1996). Estimates of the 7- and 30-day, 2- and 10-year low-flow
recurrences (Q7 2, Q7 10, Qsp,2, ad Q3q 1) have been defined where an adequate correlation exists with daily-
record (index) stations. Low-flow characteristics for daily-record stations were determined by a mathematical
procedure that fit a Pearson type I11 distribution to the logarithms of the low-flow values, or by a graphical tech-
nique in which the annual low-flow observations were ranked, assigned a recurrence interval, and plotted on nor-
mal probability graph paper. If the frequency characteristics obtained from the graphical and mathematical
techniques were reasonably similar, then frequency characteristics from the Pearson type I11 distribution were
reported; otherwise, frequency characteristics from the graphica technique were reported.

Two areas in northern Florida were selected to study the results of analysesin two diverse physiographic
locations. The study areas selected are the Yellow, Blackwater, Escambia, and Perdido River Basins, a geomor-
phologically homogeneous area located in northwestern Florida; and the Santa Fe River Basin, ahydrologically
complex arealocated in northeastern Florida (fig. 1). Distinctly different methods were used to estimate low-flow
characteristics at ungaged sites in these study aress.

Purpose and Scope

This report describes the results of a study to develop methods for estimating low-flow frequency characteris-
ticsfor periods of 7- and 30-consecutive days and for recurrence intervals of 2 and 10 yearsfor ungaged sitesin two
areas of northern Florida. Inthe Yellow, Blackwater, Escambiaand Perdido River Basins study area, multiple-linear
regression techniques were used to devel op equations that describe the relation between low flow and basin charac-
teristics at 33 sites The method includes the use of a Geographical Information System (GIS), ARC/INFO, to iden-
tify and quantify basin characteristics. In the Santa Fe River Basin study area, aflow-routing method for estimating
low-flow characteristics was used by relating the base-flow measurements collected at 40 sites to index stations,
analyzing synoptic measurements, and defining points of zero flow along reaches of streams during designated low-
flow events. The report discusses the methods applied for the two study areas and presents the results, the standard
error of estimates (or accuracy of methods), and the limitations of the methods. The techniques described in this
report for estimating low-flow characteristics were applied to sites on natural, unregulated streams.

Hydrologic Setting

Northern Floridais located within the Coastal Plain Physiographic Province, and its physiography can be
described according to the three physiographic sections of the Coastal Plain in Florida: the Florida Section, the
Gulf Coastal Plain Section, and the Atlantic Coastal Plain Section (Brooks, 1981; Fenneman, 1938; fig. 1). Most
of northern Floridais within the Florida Section. Significant landscape features in this region include sequences
of relict beach ridges and barrier islands; extensive marshes and swamps, and karstic features such asrolling
limestone hills, sinkholes, and large magnitude springs. Many streams and rivers are sustained by significant
ground-water contributions from the Floridan aquifer system which consists of athick sequence of limestone that
underlies at shallow depths much of the Florida Section.
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The study area in northwestern Floridais located within the Gulf Coastal Plain Section of the Coastal Plain
Province. Thisregionischaracterized by ahilly topography with great relief relative to peninsular Florida (Marsh,
1966). Many streams are deeply incised and derive much of their annual runoff from the sandy, surficial agquifer
system that coversthe region. The highest average annual rainfall (64 inches) and the lowest potential evaportran-
spiration (33 inches) occur in this part of Florida (Fernald and Patton, 1984). The average annual runoff is 25 to 40
inches. Monthly average flow is generally lowest in November and December.
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Figure 1. Study areas, hydrologic units, and physiographic sections in northern Florida.
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The Yellow, Blackwater, Escambia, and Perdido Rivers are the principal streams within their respective
basins that begin in southern Alabama and drain major parts of areasin Walton, Okaloosa, Santa Rosa, and
Escambia Countiesin Florida. These four river basins drain atotal area of 7,383 square miles, of which
5,148 sguare miles (70 percent) isin Alabama and 2,235 square miles (30 percent) isin Florida. These basins
provide inflow to coastal bay areas at and near Pensacolathat drain to the Gulf of Mexico. The sand-and-gravel
aquifer occurs at the surface in most of the area, except in northern Walton County where the upper Floridan aqui-
fer cropsout. The thickness of the sand-and-gravel agquifer ranges from less than 50 feet in southern Walton
County to 700 feet in Escambia County (Cushman-Roisin, 1982).

In the study areain northeastern Florida, the Santa Fe River isamgjor tributary to the lower Suwannee
River and drains an area of 1,384 square miles. Secondary tributary streams include the Ichetucknee and New
Rivers and Olustee Creek. The Upper Floridan aquifer underlies the entire Santa Fe River Basin at the surface or
a shallow depths. Rainfall in the Santa Fe River Basin averages about 54 inches; average annual runoff is 13
inches (not including spring inflow to the stream).

In the eastern part of the Santa Fe River Basin, the Upper Floridan aquifer is confined and overlain by a
surficial sand aquifer. The surficia aguifer is recharged by local rainfall and, in some parts, by upward leakage
through an underlying confining bed. The base flow of most of the streamsin thisareais supplied by the surficial
aguifer. Numerous tributary streams supply small amounts of water to the Santa Fe River and the upper reaches
of its principa tributary, the New River.

In most of the western part of the Santa Fe River Basin, confining bed sediments overlie the Upper Floridan
aquifer except in the lower portion of the Santa Fe River. Discharge from water-yielding zones above the confin-
ing bed recharges the Upper Floridan aquifer. Primarily, the Floridan aquifer isrecharged directly by rainfal in
the lower portion of the Santa Fe River Basin (Hunn and Slack, 1983). Spring discharge from the Floridan aqui-
fer augments the flow of the Santa Fe and Ichetucknee Rivers.

Low-Flow Characteristics of the Yellow, Blackwater, Escambia,
and Perdido River Basins

Data Used in the Analysis

A Geographic Information System (GIS), ARC-INFO, was used to quantify basin characteristics that were
used in regression equations to estimate Q7 1o and Qs 19 in the Yellow, Blackwater, Escambia, and Perdido
River Basins. Several sources of digital datawere used in thisanalysis. Elevation data were obtained from a dig-
ital elevation model, or DEM (U.S. Geological Survey, 1987), which consisted of agrid of elevation points
spaced at approximately 30-meter intervals. Stream length data were obtained by selecting stream features from
adigital hydrography coverage (U.S. Environmental Protection Agency, 1994), hereafter referred to as the RF3
coverage. Note that all stream reaches that were represented by double line stream segments (representing the
right and left bank of a stream) were converted to asingle line representation. Watershed boundaries were digi-
tized from delineations made on USGS 7.5-minute topographic maps.

Development of Method for Estimating Low-Flow Characteristics

In northwestern Florida, a statistical technigue known as regression analysis was used to develop equations
for estimating low-flow frequency characteristics at ungaged sites. The equations were of the following form:

Low-Flow Characteristics of the Yellow, Blackwater, Escambia, and Perdido River Basins 5



QuT = exp(By + BrX)Y @)

where éN, T isthe estimate of the true value of the N-day, T-year low-flow frequency characteristic ( Qu,t ); Bo
and B, arethe slope and intercept of the equation, respectively; X isabasin characteristic (for example, the
drainage area or stream density), y isanonparametric "unbiasing coefficient” (Helsel and Hirsch, 1992, p. 257),
and exp(x) = € . Specific examples of these equations and their application are presented later in the report.
These equations allow one to estimate the Q; ,, Q7 19, Qs ., and Qg 5, by determining values of basin char-
acteristics from digital GI'S coverages or hardcopy maps and substituting these values into the appropriate equa-
tion. This section of the report describes how these equations were devel oped.

Thefirst phase of equation development consisted of identifying basin characteristics that might account
for the variability of low-flow characteristics in northwestern Florida. An example of such a basin characteristic
is the area of the basin (often called the drainage area of the basin). Although drainage area is typically the most
important basin characteristic for estimating low-flow characteristics in ungaged basins, previous studies have
often shown that other basin characteristics may be important at improving the accuracy of these estimates.
These basin characteristics are typically related to surficial geology because differences in low-flow frequency
characteristics in unregulated basins are largely due to the differences in ground-water discharge to streams. An
example of such abasin characteristic is the percentage of drainage area underlain by a given formation. How-
ever, geologically-derived basin characteristics were not used because the surficial geology changes very little
over the study area. Geomorphic descriptions of basins may also be useful predictors of low-flow characteristics
because they often describe factors that affect ground-water discharge to streams. Examples of thistype of basin
characteristic include stream incisement and basin relief. The former characteristic accounts for depth to which a
stream penetrates an aquifer and the latter is often correlated with water-table slope and recharge.

Several hydrologically-based basin characteristics were derived from geomorphic basin descriptions and
identified as possible predictors of low-flow characteristics. These characteristics were developed from two sim-
ple conceptual models of ground-water discharge to streams. The first of these models is based on Darcy’s lan
(Freeze and Cherry, 1979, p. 15) for one-dimensional ground-water flow:

q= _wa (2)

whereq is ground-water discharge per unit stream length (from one side of the skeiarhy,draulic conductiv-
ity of a porous medium (such as an aquifeiiy the aquifer thicknesky andh, are hydraulic heads at the begin-
ning and end, respectively, of a ground-water flow path of lenghtn application of this equation to a stream
receiving ground-water discharge is depicted in figure 2. In this applichfiymeasured at some point
"upgradient” from the stream, such as under a basin bourgasymneasured at the stream-aquifer interface, and
L is measured as the distance from the basin boundary to the stream-aquifer interface.

The second model is very similar to the Darcy-based model, but uses the Dupuit equation of ground-wate
flow (Fetter, 1988, p. 143):

= _2_K|_(h22_ h?) 3)
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where g is ground-water discharge per unit of stream length. The Darcy model can be used to represent steady
ground-water flow from a confined aquifer, and the Dupuit model is used to represent steady ground-water flow

from an unconfined aquifer. In the example shown in figure 2, Dupuit’s equation can be derived from Darcy’s law
by substituting the water-table height for aquifer thickness. The resulting equation allows for the increase in
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(a) Darcy model of ground-water flow in a confined aquifer
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(b) Dupuit model of ground-water flow in an unconfined aquifer

Figure 2. Darcy (A) and Dupuit (B) models of ground-water flow.
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water table-slope that occurs as h decreases (due to decreasing water table height) along the flow path. Note that,
to obtain total ground-water discharge, equations 2 and 3 must be applied to both sides of a stream, and thisresult
then integrated over the entire length of the stream to compute total streamflow, Q. To approximate Q, an average
value of the right side of equations 2 or 3 could be computed, multiplied by two, and finally multiplied by total
stream length (Q = 2gS, where S istotal stream length).

Selection of an appropriate model (Darcy or Dupuit) is complicated by the complex nature of the sand-and-
gravel aquifer, which isthe source of ground water to streams within the Yellow, Blackwater, and Escambia River
Basins. Although ground-water flow is generally under unconfined conditions, limonite (hardpan) and clay layers
which are interbedded within the more permeable sand and gravel deposits may create conditions of locally con-
fined ground-water flow, as well as perched water tables. Many of the larger streams also receive ground water
from adeeper permeable zone of the sand-and-gravel aquifer. Ground-water flow in this degper zone may be
confined by aless permeabl e sand-and-clay unit, which separates the deeper permeable zone from the upper
(surficial) permeable zone. Because of the complex nature of ground-water flow within the sand-and-gravel aqui-
fer, both the Darcy and Dupuit models were used to develop variables that might account for the variability of low
flow.

As mentioned previously, the Darcy- and Dupuit-based measures of Q (q from equations 2 or 3 multiplied
by twice thetotal stream length) were the basisfor several hydrologically-based explanatory variables. Q was not
used directly as an explanatory variable because some of the termsin equations 2 and 3 are difficult to quantify.
Instead, explanatory variables were derived from equations 2 and 3 by eliminating some of the termsin these
equations, and by using geomorphic or topographic variables as "surrogates' for the remaining terms. For exam-
ple, hydraulic conductivity (K) was not used in the determination of explanatory variables because few measure-
ments of K exist and the regional surficial geology in northwestern Floridaisfairly uniform (indicating that basin
to basin variations in K may not be significant enough to explain much of the variability of low-flow characteris-
tics). A representative value of aquifer thickness was also not used in the determination of the hydrologically-
based explanatory variables because streams in the study area do not fully penetrate the sand-and-gravel aquifer.
Asaresult, these streams may not capture all of the ground-water discharge from the basin. Under these condi-
tions, the average thickness of that part of the aguifer that discharges ground water to streamswithin agiven basin
(‘effective’ aquifer thickness) should be a suitable substitute for total aquifer thickness. However data describing
the effective aquifer thickness are limited. For this reason, effective aquifer thickness was not explicitly included
in the calculation o (and therefor€). However, because effective aquifer thickness is correlated with stream
length (which is being used to estimatand appears in the numerator of the equation for calcul@tisge
below), effective aquifer thickness is implicitly included in the calculatid@. of
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The remaining terms in equations 2 and 3 (L, h4, and h,) were included in the determination of hydrologi-
cally-based explanatory variables, but values for these terms were estimated by using geomorphic or topographic
measures. For example, ground-water flow path length (L) was estimated as half of the inverse of stream density
(total stream length divided by drainage ared). Use of this estimate of L can be understood by imagining a hypo-
thetical rectangular basin drained by one stream that stretches the entire length of the basin and lies equidistant
from the lateral basin divides (basin length equals stream length, and the stream bi sects the basin lengthwise).
The area of such abasin is equal to the stream length multiplied by the basin width (or stream length multiplied
by twice the average ground-water flow-path length, L). Therefore, L in such abasinis equal to one half the
inverse of stream density. Drainage density was determined for individual basins by calculating the total stream
length, S , using aGIS and the RF3 hydrographic data and dividing by the drainage area. Land surface elevation
data were used as a surrogate variable for h ; because of limited water table data in the study area and the gener-
ally high correlation between h ; and land surface elevation. Various measures of land surface elevation were
tested as surrogates for h,: mean elevation of basin divide, maximum elevation of basin divide, and mean basin
elevation. Mean basin elevation was tested because it should lead to a better estimate of ground-water discharge
when the basin relief (as measured by the change in elevation from basin divide to stream) is steep. Also, mean
basin elevation better reflects the average thickness of that part of the aguifer which contributes water to streams
within agiven basin. Three measures of h, were evaluated using hydrographic and topographic data: minimum
stream elevation, mean stream elevation, and minimum elevation along the drainage basin divide. Stream eleva-
tions were determined in atwo step procedure. First, a GIS line coverage of the streamswithin abasin (described
above) was converted to araster representation or grid (in which grid cells would have avalue of oneif traversed
by a stream segment, and zero otherwise). Then, a stream elevation grid was created by assigning elevation val-
ues from the DEM grid to grid cells that were traversed by a stream. Note that asimilar procedure was used with
the DEM grid and GIS line and polygon coverages of drainage basin divides to calcul ate the three alternative
measures of h;.

Given the preceding discussion regarding the elimination of K and b from equation 2 and 3, the use of geo-
morphic and topographic measures for L, hy, and h,, and the conversion of to Q (Q = 2qS) , thefollowing
eguations were used to calculate Q:

h,—h 2
Darcy model: Qparcy = _2[¥J3 = —4(h,—h))S§,§ = —4(h2—h1)§d 4
Dupuit model:
2(h5-h? 2 2
Qoupr = 5 = Fm-r)2s, = -2-)gs = -2A-r) 2 ©

where S, isstream density, § istotal stream length within the basin, and A, isthe drainage area of the basin.
As previously mentioned three different measures of h; and h, were used to calculate Q, which lead to 9 possible
combinations of hy and hy, and 9 different measuresof Qp,., and Qpypuit -
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Each of these 9 measuresof Qp,., ad Qpp,i: (18 different measures of Q) were tested as possible
predictors of low-flow frequency characteristics. Eighteen additional measures of Q were also tested in which
Qparcy O Qpypuir  Were computed by multiplying the average head gradient (change in head per unit L) by
drainage area, instead of multiplying the gradient by the total stream length. Thisleadsto following alternative
measures of QDarcy and QDupuit :

h,—h
QDarcy,Ad = _2[( 2L l)JAd = _4(h2_hl)SpAd = —4(h,—h)(S/Ag)Ag = —4(h,—h))S (6)
2(h2—h?
Qoupinn, = 2 A, = 2(nE-12)25,A = ~2AN—2)(S/ ADAG = 2(NE—hD)S ™

In addition, drainage area, total stream length, drainage density, and 18 measures of basin relief and gradi-
ent were tested (which corresponded to the 9 possible combinations of hy and h, in the Darcy or Dupuit models).
Regression models with more than one basin characteristic were not evaluated in the regression analysis because
of the small sample size available (only 20 to 37 low-flow frequency characteristics were available from the study
area). Asaresult 75 different single basin-characteristic models were evaluated. All of the models were first
evaluated by visually inspecting scatter plots of the data, which show the relation between frequency characteris-
tics and basin characteristics. Two statistical criteriawere then used to evaluate ordinary least squares (OLS)
regression models of these relations: the mean square error (Helsel and Hirsch, 1992, p. 227), and the PRESS sta-
tistic (Helsel and Hirsch, 1992, p. 248). Both criteria consistently indicated the same ‘best fit’ regression model.
Finally, residual plots (difference between the observed and model-predicted values of the frequency characteris-
tic plotted against model-predicted values) were examined to evaluate whether model errors were approximately
constant regardless of the magnitude of the basin characteristic used in the model. The residual plots were also
used as a final check on the assumption that the relation between the frequency and basin characteristic is linear.
Inspection of the scatter and residual plots generally indicated nonlinear relations between the low-flow fre-
guency characteristics and basin characteristics. The residual plots also indicated that the model errors were also
nonconstant. Both problems (nonlinearity and nonconstant variance) were resolved by using the natural loga-
rithms of the low-flow frequency characteristics and basin characteristics in the regression models.
Regression models that use®p gy, a, as the explanatory variable resulted in the best fit equations and
are given as follows:

Qr2 = eXp[3.742+ 0.8660(Qparey, 511168 ®)
Q7,10 = ©P[3.634+ 0.733(Qparey 2)11.128 ©)
Qa2 = exp[4.030+ 0.805(Qpgrey,p)]1117 (10)
Qao,10 = eXP[3.837+ 0.7381(Qparey, 2,)11.090 (11)
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where  Qpgeya, ISthe Darcy-based estimate of the basin characteristic, Qp,,, , Which was computed by
multiplying the average basin gradient by the basin drainage area, instead of by the total stream length within the
basin (see above discussion). The mean elevation within the basin and the mean stream el evation measures of hy
and hy, respectively, were used to calculate  Qp,, o, and resulted in the best fit anong the other measures of
these variables. It should be noted that the Dupuit-based variable  Qp i, 4,  (USing the mean elevation within
the basin and the mean stream elevation measures of hy and hy, respectively) performed nearly aswell as

Qparcy,n, - Standard errorsfor models employing thismeasureof  Qp oy, », Were67.4,63.9, 54.2, and
47.5for Q; 5, Q7 10, Qa2 aNd Qg 19 (8Scompared to 64.7, 57.6, 51.2, and 44.4, respectively, for the models
basedon  Qpgcya, )-

L ess accurate regression model s were also fit using the basin drainage area as the explanatory variable.

Although less accurate than equations 8-11, the drainage area model s are useful because they do not require deter-

minations of mean basin and stream elevations, and total stream lengths. The drainage area models are given in
the following equations:

Q7.2 = exp[0.508+ 0.825n(A,)]1.232 (12)
Q7,10 = exp[0.818+ 0.723n(A,)]1.171 (13)
Qw2 = exp[1.043+ 0.770n(A,)]1.153 (14)
Q0,10 = exp[1.051+ 0.716n(A,)]1.134 (15)
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Information regarding the standard error, number and type of sites, and minimum and maximum values of
Qparcy,s, and drainage areafor each of the above equationsis shown in table 1.

Table 1. Standard error of prediction, number and type of sites, and range of explanatory variable values used in the
development of regionalization equations in the Yellow, Blackwater, Escambia, and Perdido River Basins

[--, no drainage area)

Standard Number of  Number of Qparcy, A,
Low-flow  Explanatory errorl in partial continuous  prajnage area, in
quantile variable percént _record record sites square miles in square miles

sites used used Min Max Min  Max

Q7.2 Qbarcy, A, 64.7 21 10 - - 0.02824 26,507
Q75 Ay 74.3 21 12 1.45 4150 - -
Q7,10 Qparcy, A, 57.6 14 10 - - 0.2050  26.507
Q7 10 Ay 62.5 14 12 751 4150 - -
Qa0,2 Qparcy, A, 51.2 15 10 - - 0.2050  26.507
Qx0,2 Ay 53.6 15 12 751 4150 - -
Qs0,10 Qparcy, A, 444 10 10 - - 0.2050  26.507
Qa0, 10 Aq 51.3 10 12 751 4150 - -

Istandard error is calculated as 100J@<p[(Mean Square Error)z] -1

Ninety-five percent confidence intervals for equations 8 through 15 can be computed using the following
equation and the datain table 2:

O _ o0
o - 1 (Inx,=Inx) |O
expOn(ONT) —ty, o n 2 (MS 1+ =+ —2—>|0< Qu 7=
0 n SInxlnx O
O O
0 (Inx, — Tnx)° |
~ nx, —Inx
SPEIN(QN 1)+t p_p [MSe| 1+ 2+ o2 2 | (16)
0O n SInxlnx O
O O

where éN, 7 isthe N-day, T-year low-flow quantile estimate obtained from equations 8-15 t,,, ,_, isthe

critical value of the student’s t test statistic abar2 confidence level and samplersifm af 95-percent con-
fidence levela = 0.05 ); MS: is the mean square error of the regression mqQdel; is the value of the explan-
atory variable of the corresponding regression equation (€itl@J,, , A4 or ) at the ungadex site, and

Sxinx  are the mean value and corrected sum of squares, respectively, of the log-transformed values of the
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explanatory variable at the sites used to fit equations 8-15. Step-by-step examples of calculating confidence inter-
valsfor quantile estimates computed from equations 8-15 are presented in the next section of thisreport. Note that
eguation 16 and table 2 can be used to compute confidence intervals for any desired level of confidence (a) by
using adifferent valueof t,,,,_, inequation 16.

Table 2. Data necessary for computing 95-percent confidence intervals for quantile estimates from regionalization equations
in the Yellow, Blackwater, Escambia, and Perdido River Basins

Mean value of Corrected

Low-flow Explanatory Number of MS explanatory sum of
quantile variable stations, n 005/2,n-2 E variable, squares,
In (X) SInxlnx
Qs> Qbarey, A 31 2.045 0.350 0.350 60.244
' ' A
Q7. Ay 33 2.040 0.439 4.527 90.840
Q710 Qbarcy, A 24 2.074 0.287 0.639 36.410
! a
Q7 10 A, 26 2.064 0.330 4.843 63.048
Q.2 Qbarey, A 25 2.069 0.233 0.536 40214
' ' A
Q0,2 Ay 27 2.052 0.253 4.727 70.250
Qs0, 10 Qbdarcy, A, 20 2.101 0.180 0.611 36.179
Qa0 10 Ay 22 2.086 0.234 4.869 62.847

Application of Method

Estimates of low-flow quantiles at ungaged sitesin the Yellow, Blackwater, Escambia, and Perdido River
basins can be made with equations 8- 15, and a 95-percent confidence interval can be computed using equation 16
and datafrom table 2. A step-by-step example of estimating low-flow quantiles and computing 95-percent confi-
dence intervals for these quantilesis presented in this section. The limitations of the equations 8-16 are also
discussed.

A site located on Sweetwater Creek near Munson, Florida (site number 02370230) is used in the example.
Estimates of Q7 2, Q7 10, Q30,2 and Qg 10 low-flow quantiles, as well as confidence limits are computed in the
example. Two alternative sets of quantiles are estimated: one set uses the Darcy-based explanatory variable,
Qparcy, A, @Nd the other set will use drainage area as the explanatory variable. Estimation of low-flow quantiles
using drainage area (equations 12-15) may be preferable if the analyst does not have the time or computer
resources necessary to compute avaluefor  Qpgrey, a,

Thefirst step in calculating estimates of Q7 5, Q7 10, Qz0.2, and Q3q 19 iSto determine values of the explan-
atory variable being employed. Use of equations 8-11 requires the determination of = Qprey,», » Whichinturn
requires the determination of valuesof S, h, ,and h, . Drainage area ( A, ) istypically determined by delineat-
ing the watershed boundary for the basin in question on U.S.G.S. 7.5-minute topographic maps and computing
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the area within the delineated boundary either by planimeter or with a GIS (after digitizing the boundary). A
drainage area value is the only determination required if equations 12-15 are being used. The total stream length,
S, may be similarly determined using a planimeter and hardcopy maps, or with a GIS and digital streams cover-
age (the ‘single-line’ streams coverage used in this study may be obtained from the USGS office in Tallahassee
Florida). If a GIS is used, the digitized watershed boundary must be used to ‘clip out’ the streams within the
basin, before computing total stream length. Mean basin elevéijon () can be estimated by several methods.
a GIS is not availableh, may be determined either by visual inspection of a topographic map or, preferably, by
using a planimeter to compute the total length of each elevation contour within the basin and computing a
weighted average elevation (sum the products of the value of each contour line and the length of each line, and
divide this sum by the total length of all contour lines in the basin). If a suitable GIS is available, a mean basin
elevation can be computed from a DEM that has been clipped with the watershed boundary coverage. Mean
stream elevationH, ) can be computed using one of two methods. If a GIS is not avajlable, can be compute
by noting the elevation value at every intersection of a stream and an elevation contour, and computing the mee
of all of these values. If a suitable GIS is availalblg, can be computed by intersecting a digital streams cover
age and a DEM. Once values 8y h,, and are determin@g,y, a, is calculatet{las—h,)S

Estimates 0fQ; 5, Q7 10, Qsp,2, andQgp 19 and can now be obtained by substituting the appropriate values
of  Qparcy,a, INt0 equations 8-11 or, alternatively, valuesAgf into equations 12-15. The following values of
Ay S, h;, andh, were determined for our example basin, Sweetwater Creek near Munson:

Ay = 45.0 square miles
S =52.8 miles
h, =220.5 feet
h, =205.9 feet.

The values oy, h;, anth, yield the following value 0Qp ¢y, A, for the Sweetwater Creek example:

0 1 mile

Qdarcy, A = —4(2059 feet —220.5 feet)m

%32.8 miles = 0.5840square mile

This value of Qp,, A, is substituted into equations 8-11 to obtain estimat®s £fQ 1o, Qg 2, and
Qs30,10-
Q7.2 = exp[3.742+ 0.866n (0.584]1.168 = 30.91t%/s

17)

Q7,10 = exp[3.634+ 0.733n( 0.5841.128 = 28.8ft%/s (18)
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Qa2 = exp[4.030+ 0.80%n( 0.5841.117 = 40.8ft/s (19)

exp[3.837+ 0.7381( 0.5841.090 = 34.0ft%/s . (20)

Q30,10

If drainage-area based estimates of Q; ,, Q; 15, Qsg2 @d Qg 5, aredesiredthen A, issubstituted
into equations 12-15 to yield the following:

Q.2 = exp[0.508+ 0.826n( 45J]1.232 = 47.3%/s (21)
Q710 = exp[0.818+ 0.723n( 45)1.171 = 41.61/s (22)
Q2 = exp[1.043+ 0.770n(45.0)]1.153 = 61.3ft%s (23)
Qw10 = exp[1.051+ 0.7161M(45.0]1.134 = 49.5/t%/s . (24)

Once estimates of low-flow quantiles have been computed, a 95-percent prediction interval can be deter-
mined to assess the accuracy of these quantile estimates. Thisis accomplished by substituting the low-flow quan-
tile values from equations 8-15 and the appropriate values from table 2 into equation 16. To simplify the
presentation of the Sweetwater Creek example, equation 16 will be reexpressed as:

e@[IN(Qn, ) —y] < Qy 1< ep[IN(Qn.7) +Y]

— .2
|_+(Inxo—lnx)} 25

where y = ta/2,n—2JM%[1+n

SIannx

Low-Flow Characteristics of the Yellow, Blackwater, Escambia, and Perdido River Basins 15



The ninety-five percent confidence intervals can now be constructed by first computing avalue for y and
substituting the result into equation 26. For the Darcy-based estimates of Q; ,, Q; 10, Qg 2, @nd Qg 40, the val-
uesof y areasfollows:

1 (In(0.584) —0.350)7] _
T 60.244 J = 1237 and

For Q,,, Y= 2045 o.35o[1+

exp[In(30.9) — 1.237] = 9.0ft%s< Q7 2< exp[In(30.9 + 1.237 = 106ft’/s

_ 2
For Q0 » y = 2_074Jo,287[1+l . (In(0.584) —0.639) J - 1154 and

24 36.410

exp[In(28.8) — 1.154] = 9.1ft%s < Q7,10 < exp[In(28.8) + 1.154 = 91.3ft/s

1, (In(0584) - 0.536)?
25 20.214

FOr Q. , Y= 2069 Jo.233[1+ } = 1.032 and

exp[In(40.8) — 1.032] = 14.5ft%/s< Qa0 2 < exp[In(40.8) + 1.037 = 114f%s

_ 1 (In(0.584) —0.611)27 _
FOr Qa1 » Y= 2101 /\/0.180[1+20+ St } - 0929 and

exp[IN(34.0) —0.929] = 13.4ft%/s < Qa0 10< exp[In(34.0) + 0.929 = 86.1ft%/s

The 95-percent confidence intervals can similarly be computed for drainage-area based estimatesof Q, ,
Q7100 Q02 and Qg 4, at the Sweetwater Creek site:

1 (In(45.0)—4527)%] _
3" 90840 } = 1376 and

For Q,,  y= 2040 0.439[1+

exp[In(47.3) —1.376] = 11.9ft%/s< Qr.2< exp[In(47.3) + 1.37¢ = 187t/s

(In(45.0)—4.843)2J 1218 and

) 1
For Q.10 , Y= 2064 o.330[1+26+ 23 048

exp[In(41.6) —1.218] = 12.3ft%s < é7, < exp[in(41.6) +1.219 = 141ft%s

_ 1, (In(45.0) - 4.727)
FOr Qu,, Y= 2052 Jo.253[1+ 5+ el
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exp[IN(6L.3) — 1.057] = 21.3ft%/s< Quo, 2 < exp[In(61.3) + 1.057 = 176f%/s

_ 1 (In(45.0)—4.869)2J _
For Q30,10 y = 2.086/\/0.234[1+ 5 + 5 847 = 1.040 and

exp[In(49.5) — 1.040] = 17.5ft%/s < Qao 10< exp[In(49.5) + 1.040 = 1407t%/s

There are several limitations to the application of any of the above equations. Before computing quantile

estimates, the explanatory variable value must be checked to make sure that is does not lie outside of the range of

Qparcey,a, OF Ay Values used to fit the regression models represented by equations 8-15. Regression models
are intended to be used as interpol ation equations over the range of data used to fit the models, and may not be
valid for data outside of this range (Montgomery and Peck, 1982, p. 34). For the Sweetwater Creek example, the
valueof  Qpurey, s, 150.5840 square mileand an A, of 45 square miles. Both of these values are within the
ranges of values used to fit regression equations 8-15 (these ranges are shown in table 1). Therefore, the above
estimates of Qy 2, Q7.10, Qzp,2, and Q3 19 are valid because none of these values required extrapolating beyond
the ranges of the data used to fit equations 8-15.

The reader should also be extremely cautious when applying equations 8-15 outside of the Yellow, Black-
water, Escambia, and Perdido River Basins. The chief reason for this limitation is that these equations are depen-
dent on the hydrogeologic, and climatic characteristics of thisregion. Neither of these factorsis accounted for by
the explanatory variables, Qp,., », and A,. Therefore, large errors could result if the hydrogeology and cli-
mate of an ungaged basin are significantly different than that found in the basins used to fit equations 8-15.

Low-Flow Characteristics of the Santa Fe River Basin

Data Used in the Analysis

Asameans of developing aflow-routing method for estimating low-flow values at ungaged sites, base-
flow measurement data from five data-collection efforts were used to assess the variation of low-flow conditions
within afew-day period over the entire basin. The collection of these additional base-flow measurements at new
and existing stream sites improved the accuracy and coverage of low-flow frequency estimates available for anal-
ysis. Synoptic-measurement runs 1 and 2 were made in May and June 1989; runs 3 and 4, August and September
1990; and run 5, November 1991. Also considered in the analysis was an extensive coverage of measurements
made during May 24 and 25, 1977 (Hunn and Slack, 1983).

Table 3 presents low-flow frequency estimates determined at 20 sitesin a previous study (Rumenik and
Grubbs, 1996), and 20 additional sites, based on data collected during synoptic-measurement runs. These mea
surements were used in the application to develop aflow-routing method for estimating low flows within the
basin. Figure 3 showsthe location of sitesin the Santa Fe River Basin that were used in the analysesto develop a
method for estimating low-flow characteristics. The length of record for data used in the analysis for low-flow
characteristics at each station was from the beginning of record to 1994.
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Table 3. Low-flow frequency data and unit low flow for data-collection sites in the Santa Fe River Basin

Drainage Q7,2 Q7,10 Q30,2 Q30,10
Map _ o ft3/s ft3/s ft¥s  ft¥s  ftds  ftos f3/s ft3/s
Site ID Station name (DA),
no. in mi2 DA DA DA DA
1* 02319800 SUWANNEE RIVER AT DOWLING PARK, FL 7,190.0 1,800 0.250 1,150 0.160 1,950 271 11200 0.167
2 02320000 SUWANNEE RIVER AT LAURAVILLE, FL 7,330.0 2,170 0.296 1,460 0.199 2,270 0.310 1470 0.201
3 02320500 SUWANNEE RIVER AT BRANFORD, FL 7,880.0 2,580 0.327 1,810 0.230 2,680 0.340 1840 0.234
4 02320700 SANTA FE RIVER NR GRAHAM, FL 94.9 0.54 006 0.08. 001 11 0.012 0.16 0.002
5 02320732 ALLIGATOR CREEK AT STARKE, FL 19.4 29 0.149 0.8 0.041 55 0.284 1.8 0.093
6 02320800 SAMPSON RIVER AT SAMPSON, FL 59.7 3.0 0.050 0.37 0.006 6.5 0.109 0.80 0.013
7 02320815 SAMPSON RIVER AT GRAHAM, FL 743 (>0) - (>0) - - - - -
8 02320849 SANTA FE RIVER AT BROOKER, FL 245.0 10. 0.041 0.9 0.004 - - - -
9 02320870 ROCKY CREEK NR LA CROSSE, FL 26 (0.0 0.000 (0.0) 0.000 - - - -
10 300612082094000 NEW RIVER AT SR 125, NR RAIFORD, FL 79.0 (0.0) 0.000 (0.0 0.000 - - - -
1 02320898 ALLIGATOR CREEK NR LAWTEY, FL 28.0 (0.0 0.000 (0.0) 0.000 - - - -
12 02320900 NEW RIVER NR RAIFORD, FL 93.3 0.34 0.004 0.05 0.001 0.80 0.009 0.17 0.002
13 02320950 WATER OAK CREEK NR STARKE, FL 20.7 0.0 0.000 0.0 0.000 0.01 0.000 0.0 0.000
14 02320960 WATER OAK CREEK NR LAWTEY, FL 39.0 0.1 0.003 0.02 0.001 0.2 0.005 0.05 0.001
15 300212082131900 NEW RIVER AT SH 229, NR RAIFORD, FL 135.0 (>0) - (>0) - - - - -
16 02321000 NEW RIVER NR LAKE BUTLER, FL 193.0 21 0.011 0.68 0.004 35 0.018 14 0.007
17 02321200 RICHARD CREEK NR LAKE BUTLER, FL 13.9 0.0 0.000 0.0 0.000 - - - -
18 295700082204300 NEW RIVER NR BROOKER, FL 241.0 (4.9 0.020 (1.5 0.006 - - - -
19 295535082244000 NEW RIVER NR WORTHINGTON SPRINGS, FL 276.0 38 0.014 1.1 0.004 6.7 0.024 25 0.009
20 02321500 SANTA FE RIVER AT WORTHINGTON SPRINGS, FL 575.0 13 0.028 3.2 0.006 20 0.035 6.0 0.010
21 295633082302500 SANTA FE RIVER NR BLAND, FL 611.0 - - 0.0 0.000 - - - -
22 02321600 OLUSTEE CREEK NR LULU, FL 49.1 0.10 0.002 0.0 0.000 0.28 0.006 0.05 0.001
23 300328082315800 OLUSTEE CREEK AT SH. 240, NR PROVIDENCE, FL 64.9 0.0 0.000 0.0 0.000 - - - -
24 02321700 SWIFT CREEK NR LAKE BUTLER, FL 46.0 0.0 0.000 0.0 0.000 0.11 0.002 0.02 0.000
25 300204082313100 SWIFT CREEK NR PROVIDENCE, FL 78.7 (0.0) 0.000 (0.0) 0.000 - - - -
26 02321800 OLUSTEE CREEK NR PROVIDENCE, FL 163.0 0.0 0.000 0.0 0.000 - - - -
27 02321894 OLUSTEE CREEK TRIBUTARY NR PROVIDENCE, FL 3.3 (>0,1) (>0,< - (>0,< - - - -
1) 1)
28 295701082315000 OLUSTEE CREEK AT SR 18, NR PROVIDENCE, FL 185.0 0.0 0.0 0.000 0.0 0.000 - - -
29 02321898 SANTA FE RIVER AT OLENO STATE PARK, FL 820.0 30 0.037 9.4 0.011 a4 0.054 16 0.020
30 02321975 SANTA FE RIVER AT US HWY 441, NR HIGH SPRINGS, FL 859.0 260 0.303 92 0.107 290 0.338 08 0.114
31 02322000 SANTA FE RIVER NR HIGH SPRINGS, FL 868.0 226 0.260 83 0.096 255 0.294 89 0.103
32 02322240 SANTA FE RIVER BL LILLY SPRING, NR FORT WHITE, FL 977.0 - - - - - - - -
33 02322500 SANTA FE RIVER NR FORT WHITE, FL 1,020.0 964 0.945 736 0.722 993 0.974 751 0.736
34 02322540 SANTA FE RIVER AT SR 47, NRFL FORT WHITE, FL 1,030.0 - - - - - - - -
35 02322590 COW CREEK NR FORT WHITE, FL 89.0 09 0.010 0.6 0.007 1.1 0.012 0.7 0.008
36 02322660 ROSE CREEK NR COLUMBIA, FL 26.2 0.0 0.000 0.0 0.000 - - - -
37 02322700 ICHETUCKNEE RIVER NR HILDRETH, FL €200.0 310 1.550 240 1.200 320 1.600 250 1.250
38 02322800 SANTA FE RIVER NR HILDRETH, FL 1,370.0 1,580 1.150 1,140 0.832 1,620 1.180 1180 0.861
39* 02323000 SUWANNEE RIVER NR BELL, FL 9,390.0 4,120 0.439 2,960 0.315 4,260 0.454 3030 0.323
40* 02323500 SUWANNEE RIVER NR WILCOX, FL 9,640.0 5,260 0.546 4,020 0.417 5,500 0.571 4180 0.434
Station name - Indented name denotes tributary to the above order stream
() - estimated values based on comparison of measurement and |ow-flow frequency data

e - estimated

< - less than

> - greater than

*

- not included in figure 3
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Figure 3. Location of sites in the Santa Fe River basin used to develop a method for estimating low-flow characteristics at
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Development of Method for Estimating Low-Flow Characteristics

M easurement data collected during the synoptic-measurement runs show low-flow conditions during runs
1-4 to be within the range of 94 to 99 percent flow duration at Graham, Worthington Springs, and Ft. White; and
for run 5, 60 to 90 percent. With respect to a 7-day low flow, runs 1 and 3 represent a 4-year low-flow recurrence
interval; runs 2 and 4, a 10-year; and run 5, alow-flow condition that would be expected to occur on the average
of onceayear. The daily streamflow pattern for three sites on the Santa Fe River, at Graham, at Worthington
Springs, and near Fort White, during low-flow climatic period, April 1989 to March 1992, is shown on figure 4.

Thelocation of sites of synoptic measurement data were plotted on basin maps and noted where significant
changes in flow occurred within the basin. Factors that may cause these changes in flow include changesin
ground-water flow systems and the impact of changesin flow at springs and sinks within the river system. Asan
example, decreasesin flow in a downstream direction (rather than expected increases) were observed, based on
the plotted data, on the Santa Fe River between Worthington Springs and Bland (river mile 51 and 43); on the
lower reaches of the New River near Lake Butler and Worthington Springs (river mile 14 and 1); and on the
Olustee Creek below Swift Creek tributary (river mile 10). These changes are suspected to be the result of the
water table in the surficial aguifer falling below the stage of therivers, allowing water in the river to discharge
into the underlying aquifer.
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Figure 4. Daily-record streamflow for 1989-92 for three sites on the Santa Fe River and noted periods of five synoptic runs.
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L ow-flow frequency characteristics and drainage areas determined at specific sites were used to define
river profiles for the entire reaches of the Santa Fe and New Rivers and Olustee Creek (fig. 5). Low-flow profiles
were constructed by interpolation or extrapolation from points representing sites where low-flow data have been
determined, and plotted against miles from the mouth of theriver. Low streamflows generally have acloserela-
tion to drainage area, especialy on the same stream. Profiles or data available to construct profiles, are used asa
guide for noting changes in the stream’s characteristics in the different reaches of the stream. These river profiles
serve as indicators of changes in river flows with respect to change in drainage area.

Unit low flows were defined for each site where low-flow characteristics were determined and a drainage
area was defined. Unit low flows are defined by dividing the low-flow characte(@{i¢) by the drainage area
at a particular site. Changes in unit flows along the reach of the river may denote changes in basin characteristics
affecting the flow within a prescribed reach of the river or change caused by the additional flow from a tributary
having different stream characteristics than the main stream.

Areas of zero flow were defined Q7 , andQ; 1o conditions based on measurements made during the five
synoptic runs in 1989-91 and one synoptic run (by Hunn) in 1977, and from low-flow frequency analyses. Zero
flow occurs commonly in the tributary streams in the surficial aquifer and in the areas where the confining beds
come in contact with the Upper Floridan aquifer. Zero flow is not evident in areas where streams are in contact
with the Upper Floridan aquifer. About one-third of the basin area experiences zero flows during critical low-
water conditions.

Application of Method

A flow-routing method was used to estimate low-flow characteristics at ungaged sites in the Santa Fe River
Basin from low streamflow analyses based on records at gaged sites. The use of the flow-routing method is sug-
gested for areas where regression analysis proves unsuccessful, where low-flow characteristics have been defined
at a significant number of sites, and where information of the basin characteristics (factors that affect low flows)
has been thoroughly researched.

This method uses the drainage areas to interpolate low-flow values between or near gaged sites on the same
stream. Unit discharges are used as an indicator of changes in uniform flow along the reaches of the stream, and
may denote changes in the basin characteristics. Low-flow values are transferred from a gaged site, either
upstream or downstream, to the ungaged site. When it is necessary to proceed beyond a confluence, low-flow
values are estimated to a point at the confluence, or other noted change in flow, then adjustments to the initial cal-
culation should be made to compensate for the change (addition or subtraction) of flow. This procedure is contin-
ued until the location of the ungaged site is reached.

This method can be used for streams that cross different basins or different water-bearing zones, a charac-
teristic which commonly occurs in the Santa Fe River Basin. Changes in basin characteristics can alter the low-
flow characteristics of a stream; therefore, when applying the flow-routing method judgment should be used
when basin characteristics change significantly between the gaged and the ungaged sites. Changes in unit dis-
charges, presented in table 3, serve as indicators of change in basin characteristics that control flow to the stream.

To determine the low-flow values at an ungaged site on a stream between two gaged sites, the following
steps should be taken: (1) locate the nearest gaged sites, (2) determine the drainage area for the ungaged site
between the gaged sites, and (3) multiply the low-flow value at the gaged site by the drainage area of the ungaged
site and divide by the drainage area of the gaged sites. The flow-routing equation for estimating low-flow charac-
teristics consists of a simple drainage-area ratio, where
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Figure 5. River profiles of the Santa Fe River, New River, and Olustee Creek.
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. aged site x DA ungaged site
Q, T Ungaged site = Pn.1 939 ey (26)
: DA gaged site
where,
Qnt = average minimum N-consecutive-day low flow having a T-year recurrence interval, in
cubic feet per second and,;
DA = drainagearea, in square miles.

A review of available geologic (surficial and hydrogeologic) and topographic maps could provide informa:
tion on the stream’s characteristics that may be useful in the analysis. The following examples show the use of the
flow-routing method. Figure 3 shows the general location of gaging sites where low-flow characteristics have
been determined, and table 3 presents the low-flow value and drainage area for each gaged site. The simplest
determination of estimated low-flow values is made when no major tributaries or other inflow (springs) and out-
flow (sinks) enter or leave the stream at any points between the gaged and ungaged sites.

Example--Determine th&; , andQ7 ;o for the ungaged site on the New River having a drainage area of
160 mf. Using table 3 the low-flow characteristics at nearby gaged site, New River near Lake Butler (site16),
are routed upstream to the ungaged site using equation 26:

from table 3, the drainage area of site 16 is 1F3amiQ; , is 2.1 ft/s.

— 21x160 3
Q;, = 03 - 17 ft'/s
from table 3Q; 19 is 0.68 ff/s
Qo =280 - 0s6is .

A review of surficial geologic (Knapp, 1978; Hunn and Slack, 1983) and USGS topographic maps indicates there
are no major changes in the basin characteristics between the two gaged sites that would influence predictive
flows between sites.

A more complex flow-routing analysis must be performed to estimate low-flow characteristics at the
ungaged site when tributary or other flow enter a stream. The user should have a working knowledge of the low-
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flow characteristics of the tributary streamsthat are needed for the analysis. In atributary stream where low-flow
conditions reach zero flow, acommon occurrence in the eastern portion of the Santa Fe River Basin, the drainage
areafor that tributary should be considered as a non-contributing areain the anaysis.

Example--To estimate the 2-year and 10-year low flowsfor a 7-day recurrence at the location where Wilson
Springs Road crosses the Santa Fe River (11 miles above the mouth), data from three of four sites must be used:
Santa Fe River near Fort White (site 33), Cow Creek near Fort White, (site 35), Ichetucknee River near Hildreth
(site 37), and Santa Fe River near Hildreth (site 38). Two approaches for estimating low flow at Wilson Springs
Road may be considered. First, using the flow-routing method in equation 26, route the flow downstream from
the gaged site at Santa Fe River near Fort White to the confluence of Cow Creek, and downstream for the gaged
site at Cow Creek near Fort White to apoint at their confluence and add the flows; then proceed downstream,
using equation 26, to the ungaged site where Wilson Springs Road crosses the Santa Fe River. In asecond
approach, using equation 26, route the flow upstream from the gaged site at Santa Fe River near Hildreth to the
confluence of the Ichetucknee River, and downstream from the gaged site at | chetucknee River near
Hildreth to its mouth, and subtract the flows to determine the flow at that point (confluence); then, proceed
upstream using equation 26 to the ungaged site where Wilson Springs Road crosses the Santa Fe River.

Approach 1. The Q7 , for Santa Fe River above the confluence of Cow Creek is calculated from the Q7 , value at
Santa Fe River near Fort White as follows:

964 x 1, 030 3
Q712 = W‘ = 973 ft"/s.

The Q , a the mouth of Cow Creek is calculated from the Q; , value at Cow Creek near Fort White as follows:

Q5= 0.98;94 - 10#%s.

The Q7 value at the confluence of the Santa Fe River and Cow Creek is determined by adding the estimated val-

ues, where:
Q72 =(973+1) = 974ft%)s
DA = (1,030 + 94) = 1,120 mi2.

Drainage areas for the Santa Fe River and Cow Creek at the confluence are also added (or determined for that
point on the river) for use in the process to continue the flow routing to the point where Wilson Springs Road
crosses the Santa Fe River. Using equation 26, the routing is as follows:

_ 974x1,130 _

3
Q7’2 = W = 982 ft7/s.
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Approach 2: In this approach, the flow routing begins from a gaged site located downstream from the ungaged
site at Wilson Springs Road. The Q; , valuefor the Santa Fe River below the confluence of the Ichetucknee River
is calculated using the Q7 , value from the Santa Fe River near Hildreth as follows:

Q, , = 280X L3O 5810 2716 30 _ 1, s571t%s.

The Q7 , at the mouth of the Ichetucknee River is calculated from the Q7 , at the Ichetucknee River near Hildreth

as follows:

Q,,, = HULEO - a5it/s.

The Q7 , value at the confluence of the Santa Fe and Ichetucknee Riversis determined by subtracting the esti-
mated values, where:

Qs = (1557 -325)=1,232t%s

DA = (1,350 - 210) = 1,140 mi2,

Using equation 26, flow routing is continued to the ungaged site where Wilson Springs Road crosses the Santa Fe
River.

Q;,, = 20 — 1 220 1s.

The difference in the results of these two approachesis 22 percent. Theresults for estimating the Q 1 val-
ues for the ungaged site at Wilson Springs Road using the above two approaches are 751 and 863 ft3/s, or adiffer-
ence of 14 percent. These percent differences do not reflect the percent error of the estimated low-flow values but
serve to show error as a difference from using two separate approaches.

The accuracy of the method was checked by applying the flow-routing method used in example 2, where
Q7 2 was used for the gaged site at Santa Fe River near Fort White (site 33) and routed a distance of 16 milesto
the gaged site at Santa Fe River near Hildreth (site 38). The results of the flow routing for Q; , at Hildreth is
1,330 ft3/s, or 15 percent less than |ow-flow values of 1,580 ft3/s determined from streamflow records collected at
this site; and, for Q7.10, 1,000 ft3/s, or 12 percent less than the value of 1,140 ft3/s determined from streamflow
records.

A weighted average of the drainage areas may also be considered in the analysis when an ungaged site is
located between two gaged sites. The low-flow value at the ungaged site may be estimated by using aweighted
average of estimates from the two gaged sites asin the following equation:

DA un—-DA up DA dn—DA un

Qy,run = m( Qnr, dn) + m( Qnr, Up) 27
where,
Qn T =  average minimum N-consecutive-day low flow having a T-year recurrence interval,
in cubic feet per second and;

DA = drainage area, in square miles.

un = ungaged site

up =  upstream gaged site

dn =  downstream gaged site
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The weight of the estimate at each gaged site is 100 percent, diminishing to O percent at distances upstream and
downstream (Giese and Mason, 1993).

The strength of the flow-routing method is that the values at gaged sites reflect the overall basin character-
isticsin the vicinity of the gaged sites. These values can be transferred upstream and downstream for a short dis-
tance within abasin and still maintain similar basin characteristics. As noted in table 3, similar valuesin unit
discharge may indicate areas of similar basin characteristics, factors that influence low flows.

In this study area, varied flow conditions exist and should be considered when using the flow-routing
method. 1n the above example, the total flow in the Cow Creek Subbasin is negligible to the flow in the Santa Fe
River at that point; in smaller drained tributary streams, routing is not necessary. Figure 3 shows areas (subba-
sins) of zero flow when low-flow conditions are at Q7 , and Q7 1. The accuracy of low-flow estimates may be
lessif sufficient data are not available to assess conditions in areas of decreasing flow, such as sinks (located
between sites 30 and 31 on the Santa Fe River), and change in the ground-water flow system (where the water
tablein the surficial aquifer falls below the stage of the New and Santa Fe Rivers and Olustee Creek); and areas
of increasing flow, such as near spring discharge to the stream (between sites 29 and 30 on the Santa Fe River
below O’Leno State Park) and near tributaries having significantly different stream characteristics.

In areas where sufficient low-flow characteristics are available from long-term gaging sites, unlike the
Santa Fe River Basin, flow-routing equations may be developed in a regression analysis that uses drainage are
and location of site where low-flow values have been determined. Hayes (1991) presents a flow-routing metho
for streams in Virginia for 77 paired sites that include limits on distance for routing and accuracy of estimated val
ues at ungaged sites.

Summary and Conclusions

Methods for estimating low-flow frequency characteristics at ungaged sites were developed for two areas ir
northern Florida. In the Yellow, Blackwater, Escambia, and Perdido River Basins study area in northwestern
Florida, regional regression equations were developed for estimating the 7- and 30-day, 2- and 10-year low-flow
characteristic (@2, Q710. Qz0,2, and Qg 10y by determining values of basin characteristics from digital Geo-
graphical Information System (GIS) coverages or hardcopy maps. A GIS, ARC-INFO, was used to quantify
basin characteristics that were used in regression equasensral sources of digital data were used in this anal-
ysis: elevation data, from a digital elevation model, stream length and location data were obtained by selecting
stream features from a digital hydrography coverage, and watershed boundaries were digitized from delineatior
made on USGS 7.5-minute topographic maps.

Several hydrologically-based basin characteristics were derived from geomorphic basin descriptions and
identified as possible predictors of low-flow characteristics. The most accurate regression equations employed
basin characteristic that was based on a simple conceptual model of one-dimensional ground-water flow using
Darcy’s law. Slightly less accurate equations were obtained using drainage area as the only explanatory variabl
The standard error of prediction for the Darcy and drainage area equatiQaggfvas 65 and 74 percent,
respectively;Q7710, 58 and 62 percent, respectiveﬂggolz, 51 and 54 percent, respectively; @gé,lo, 44 and 51
percent, respectively.

Caution should be used when applying regression analysis using the developed models outside of the Yel
low, Blackwater, Escambia, and Perdido River Basins. The chief reason for this limitation is that these equation:
are dependent on the hydrogeologic, and climatic characteristics of this region. Neither of these factors is
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accounted for by the explanatory variables, Qp,,a, ad Ay. Therefore, large errors could result if the
hydrogeology and climate of an ungaged basin are significantly different than that in the basins used to
fit equations 8-15.

In the Santa Fe River Basin study areain northeastern Florida, a flow-routing method was used to estimate
low-flow characteristics at ungaged sites from low streamflow analyses based on records at gaged sites. The use
of the flow-routing method is suggested for areas where regression analysis proves unsuccessful, where low-flow
characteristics have been defined at a significant number of sites, and where information of the basin characteris-
tics has been thoroughly researched.

L ow-flow frequency characteristics were determined at 20 sites in a previous study, and 20 additional sites
based on data collected during the synoptic-measurement runs during 1989-91. These measurements were used
to develop aflow-routing method for estimating low flows within the basin. Data used in the analysis for low-
flow characteristics at each station were from the beginning of record to 1994.

L ow-flow frequency characteristics and drainage areas determined at specific sites were used to define
river profiles for major streams within the basin. Unit low flows were also defined for each site where low-flow
characteristics were determined. These river profiles and unit low flows serve as indicators of changesin the
streams low-flow characteristics with respect tbange h drainage area

The flow-rauting method usesthe drainage areas to interpolate lowaflealues between or near galgites
on the same stream. ow-flow values are transferreddm a gaed site, either upstreaon downstream, tohe
ungaged site. A stepy-step process for flow routgmust be made when tributaor oher inflow enters a
stream. Kowledge of the low-flow characteristicof the tributary stream imealed fa the analysis.

The strength of the flow-tding methal is that the values at gaged sites reflect therall basin character-
istics in the viciniy of the gaged sitesThese values cdre transferrad upstream ad downstreamfor a shortdis-
tance within a basiand still reflect the basin characteristics. The acgushtow-flow estimates mgabe less in
areasf decreasig and increasing flows if sificient data are ot available ¢ assesst@angirg hydraulic aal
hydrologic conditions.
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